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SECTION  I 
INTRODUCTION 

Crack  growth  behavior  in  metals  at  elevated  temperature  has  recently 
received  much  attention.  This  Is  due  to  the  fact  that  a severe  degra- 
dation in  fatigue  resistance  results  under  conditions  of  low  frequencies 
or  long  hold  times  for  certain  materials.  It  has  been  observed,  for 
example,  that  uniaxially  loaded  test  specimens  of  AISI  304  stainless  steel 
tested  at  650°C  with  a controlled  cyclic  strain  range  of  0.5%  and  hold 
times  of  one  hour  failed  in  less  than  600  cycles,  whereas  without  the 
hold  times,  but  with  the  same  strain  range,  the  life  time  was  some 
15,000  cycles  (Reference  1).  Similar  effects  have  been  reported  under 
conditions  where  time  effects  were  introduced  by  stain  rate  (Reference  2) 
or  frequency  of  cycling  (References  3,4). 

Since  elevated  temperature  low-cycle  fatigue  is  a major  design 
limitation  in  the  application  of  metals  to  elevated  temperature  service, 
to  extrapolate  the  low-cycle  fatigue  laboratory  test  data  to  service 
conditions  of  interest  it  is  essential  that  the  influence  of  hold  times 
and  cycling  frequency  be  taken  into  account.  This  is  an  extremely 
important  aspect  of  the  elevated  temperature  fatigue  behavior,  since 
the  interaction  with  creep,  oxidation  and  structural  degradation  at 
elevated  temperature  can  drastically  modify  the  predicted  behavior. 

In  this  report,  the  fatigue-creep  interaction  is  first  reviewed  and 
summarized.  The  microscopic  approach  (micromechanism)  to  creep  crack 
growth  (CCG)  is  then  briefly  reviewed  and  discussed.  Finally,  the 
macroscopic  (phenomenological)  approach  to  CCG  (crack  growth  under 
sustained  load)  is  reviewed  and  discussed  in  detail.  Crack  growth 
studies  that  employ  a viscoelastic  analysis  apply  mostly  to  polymers 
and  therefore  are  not  included  in  the  present  survey. 
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SECTION  II 

FATIGUE-CREEP  INTERACTION 

1.  TIME-INDEPENDENT  AND  TIME-DEPENDENT  EFFECTS  ON  FATIGUE  CRACK 
GROWTH  RATES 

The  most  limiting  properties  in  the  preliminary  design  phase  for 
metals  applied  at  elevated  temperature  are  ultimate  and  stress  rupture 
strengths.  Subsequent  detailed  design  of  components  involves  life 
analysis,  and  materials  acceptance  for  this  purpose  involves  fatigue, 
creep  and  fracture  mechanics  data.  It  is  of  importance  to  establish 
methods  for  predicting  failure  under  combined  creep- fatigue  conditions 
from  short-term  laboratory  test  data. 

Ignoring  overload  effects  (retardation),  the  three  important 
parameters  that  influence  fatigue  crack  growth  (FCG)  rates  are:  frequency 
(v),  cycle  or  stress  ratio  (R)  and  temperature  (T).  It  has  long  been 
established  that  FCG  rates  may  be  correlated  with  cyclic  range  in  stress 
intensity  factor  by  the  power  law  of  Paris  (Reference  5).  Recent  studies 
on  low-cycle  FCG  rates  at  elevated  temperature  (Reference  6)  demonstrated 
the  applicability  of  the  power  law  form  of  the  stress  intensity 
factor,  K,  as  a governing  parameter  in  crack  growth  rate  using  the 
power  law.  Wallace,  et  al . (Reference  7)  have  found  success  in  studying 
low-cycle  FCG  rate  in  a nickel-base  superalloy  IN-100  by  using  a 
hyperbolic  sine  (SINH  K)  model  instead  of  a power  law  model.  This 
implies  that  at  high  frequency,  say  10  Hz  or  more,  the  FCG  rate  at 
elevated  temperature  is  cycle  dominant.  Elevated  temperature  (1100°F) 

FCG  results  in  air  at  frequencies  in  excess  of  10  Hz.  Pelloux  and 
Grant  (Reference  8)  on  HS-188  also  indicate  a time-independent,  cycle 
dominant  FCG  characterized  by  the  purely  transgranular  nature  of  the 
crack  propagation. 

Time-dependent  effects  on  the  FCG  rate  at  elevated  temperature 
appear  only  at  lower  frequencies.  Furthermore,  there  is  an  overwhelming 
body  of  evidence  developed  in  recent  years  to  show  that  the  time-dependent 
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phenomena  such  as  creep  and  oxidation  that  occur  at  decreasing  cycling 
frequency  at  elevated  temperature  are  responsible  for  the  severe 
degradation  in  fatigue  resistance  under  those  conditions. 

In  materia  s with  poor  oxidation  resistance,  additional  crack  growth 
can  occur  as  a consequence  of  the  oxidation  damage  at  the  crack  tip. 

The  FCG  rates  would  be  strongly  frequency  dependent.  For  example, 

Solomon  and  Coffin  (Reference  3)  observed  such  a dependence  on  frequency 
in  A286  for  FCG  at  elevated  temperature  (1100°F)  while  conducting  tests 
in  air.  The  effect  is  drastically  decreased  if  tests  are  conducted  in 
vacuum.  James  (Reference  9)  investigated  the  effect  of  frequency  upon 
the  FCG  of  304  stainless  steel  at  1000°F.  Later,  James  (Reference  10) 
discussed  two  different  thermally-activated  time  dependent  processes 
and  concluded  that  oxidation  damage  at  elevated  temperature  is  responsible 
for  the  increase  in  FCG  at  increasing  temperature.  The  mechanism  with 
which  the  oxidation  damage  at  the  crack  tip  can  accelerate  the  inter- 
granular FCG  rates  has  been  discussed  by  Gel  1 and  Leverant  (Referr  ice  11). 
The  rate  controlling  mechanism  is  either  the  surface  diffusion  of  oxygen 
to  the  crack  tip  or  the  diffusion  of  oxygen  (either  through  the  lattice 
or  along  the  grain  boundaries)  ahead  of  the  crack  tip.  In  eiti.er  case 
an  activation  energy  Qox  can  be  determined  from  an  Arrhenius  plot  that 
characterizes  the  process.  It  appears  that  there  is  an  upper  and  lower 
bound  on  frequency  for  oxidation  damage,  i.e.,  oxidation  damage  becomes 
insignificant  at  both  high  and  low  ends  of  the  frequency  range.  However, 
Solomon  (Reference  4)  showed  that  this  transition  region  of  oxidation 
influence  can  extend  over  more  than  four  orders  of  magnitude  in  cycling 
frequency  for  materials  that  are  poor  in  oxidation  resistance  such  as 
A286  and  titanium. 

At  very  long  cycle  periods  or  very  low  frequencies,  the  FCG  rates 
become  purely  time-dependent  (Reference  12).  The  crack  propagation  is 
characterized  by  its  intergranular  nature,  and  the  rate-controlling 
mechanism  is  most  likely  one  that  involves  the  growth  and  coalescence 
of  grain  boundary  voids  by  vacancy  condensation  (Reference  13). 
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Sufficient  experimental  evidence  is  now  available  to  suggest  that  the 

creep  crack  growth  (CC6)  process  is  characterized  by  a single  activation 

energy  Q (Reference  14),  obtained  from  the  slop  of  an  Arrhenius  plot, 
cp 

This  activation  energy  is  about  0.7  - 0.8  of  that  of  the  steady-state 
creep,  for  example,  in  superalloys  (Reference  14).  This  activation 
energy  QCp  should  preferably  He  determined  from  CCG  experiments 
(Reference  15). 


There  has  been  some  concern  over  the  application  of  linear  elastic 
fracture  mechanics  to  CCG.  Since  significant  time-dependent  plastic 
deformation  occurs  during  creep,  several  authors  (References  16,  17,  18) 
proposed  the  use  of  a potential  energy  release  rate,  j or  C*  integral 
for  the  characterization  of  crack  tip  behavior,  while  others  proposed 
the  use  of  crack  tip  opening  displacement  (CTOD  (References  19,  20,  21). 
Other  approaches  include  the  net-section  stress,  onet  (References  22, 

23,  24)  and  the  crack  tip  opening  angle  (CTOA)  (Reference  25).  However, 
if  the  metal  behaves  in  a macroscopically  brittle  fashion  under  creep 
conditions,  the  stress  intensity  factor  K computed  by  linear  elastic 
theory  can  be  used  to  characterize  the  crack  tip  configuration.  For 
example,  Floreen  (Reference  14)  found  for  a variety  of  nickel-base 
superalloys  that  the  CCG  rate  was  proportional  to  an  exponential  power 
of  the  stress  intensity  factor  K.  Siverns  and  Price  (Reference  26) 
showed  a similar  CCG  rate  dependence  on  K for  a quenched  2-1/2-Cr-l  Mo 
steel  tested  in  tension  at  565°C.  A review  of  experimental  and 
theoretical  work  on  CCG  is  given  in  the  next  section  where  the  question 
of  crack  tip  characteri zation  under  creep  conditions  will  be  discussed. 

2.  MODIFIED  LINEAR  SUPERPOSITION  MODEL 

It  is  clear  from  the  previous  discussions  that  the  fatigue-creep 
interaction  is  time-dependent  with  cycle  dominance  at  very  high  frequence, 
in  excess  of  10  Hz,  with  creep  dominance  at  very  low  frequency,  less 
than  0.1  Hz,  and  with  a transition  region  where  oxidation  damage 
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contribution  may  or  may  not  appear  depending  upon  the  material  resistance 
to  oxidation.  A model  for  FCG  at  elevated  temperature  can  be  proposed 
as: 

da/dN  = C0(0)fm(K,R,n) 

, Q 

+C1(0)fm(K,R,n)(l/v)k  exp(-  ^)  (1) 

+C2(0)fm(F,R,n)(l/v)  exp(-  jj^) 

where  Cq,  C-j , C2,  m,  and  n are  empirical  material  constants.  The 
functional  form  of  f may  be  the  conventional  power  law  such  as: 

^(K.R.n)  = AKm(l-R)m+2n 

or  it  may  be  a hyperbolic  sine  function  as  suggested  by  Annis,  et  al  . 
(Reference  27).  The  parameter  F is  the  proper  crack  tip  characterization 
factor  under  the  particular  creep  conditions  for  a given  material. 

Such  a linear  superposition  model  was  first  proposed  by  Carden 
(Reference  12)  and  modified  by  Doner  (Reference  15).  For  the  simplicity 
of  illustration,  let  F = K.  Equation  1 is  then  reduced  to: 

^ = A(v,T)fm(K,R,n)  (2) 

A schematic  representation  of  A(v,t)  as  a function  of  (1/v)  is  given 
in  Figure  1. 

3.  SUMMARY 

In  summary,  the  fatigue-creep  interaction  exclusive  of  retardation 
effect  is  as  follows: 

a.  For  given  T and  AK,  the  FCG  rate  (da/dN)  increases  with 
increasing  temperature  (References  8,  28,  7). 

b.  For  given  T and  AK,  the  FCG  rate  (da/dN)  increases  with  decreasing 
frequency  (References  8,  9)  and  increasing  hold-times  (References  29,  30). 
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At  each  temperature,  there  appears  to  be  a critical  frequency  (v.  ... 

l rd  n s 1 Lion 

above  which  da/dN  is  more  or  less  frequency  independent.  The  v.  ... 

transition 

increases  with  increasing  temperature  and  decreasing  AK  (Reference  8). 


c.  FCG  rate  under  creep  may  be  written  as  da/dN  = (da/dt) (1 /v) 
for  very  low  frequencies  (Reference  8)  and/or  very  long  hold-times 
(References  31,  8),  the  crack  growth  rates  under  creep  conditions  appear 
as  the  lower  limit  of  the  FCG  rates. 


d.  At  a given  temperature  and  frequency,  da/dN  increases  with 
increasing  stress  ratio  R.  For  low-cycle  fatigue  testing  AK  may  be  used 
for  correlation  (References  28,  7,  14). 


e.  FCG  is  associated  with  a transgranular-intergranular 
mode  transition.  The  fracture  mode  is  entirely  transgranular 
Vansition  and  Predominantly  intergranular  below  vtransition 


fracture 

above 

(Reference  8) . 


Creep 

Dominant 


Figure  1.  Schematic  Representation  of  Log  |A(v,T)| 
Versus  Log  (1/v)  at  Constant  Temperature 
Illustrating  Various  Time-Dependent 
Contributions  to  the  Proportionality 
Constant  A(v,T)  (Reference  15) 
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SECTION  III 

MICROSCOPIC  DESCRIPTION  AND  EMPIRICAL  RESULTS  OF 
CREEP  CRACK  GROWTH 

1 . THE  UNIAXIAL  CREEP  BEHAVIOR 

At  elevated  temperature,  metals  often  exhibit  nonlinear,  time- 
dependent  deformation.  Under  uniaxial  tensile  loading,  the  strain  in 
a smooth  bar  increases  with  time  until  failure  finally  occurs.  Based 
on  the  similar  response  of  many  materials,  researchers  have  subdivided 
the  creep  curve  into  three  regions,  as  shown  in  Figure  2.  After  the 
initial  instantaneous  strain  Eg,  materials  often  undergo  a period  of 
transient 


Log  time 

(a)  (b) 

Figure  2.  Creep  Strain  Versus  Time 


response  where  the  strain  rate,  de/dt,  decreases  with  time  to  a minimum 
steady-state  value  that  persists  for  a substantial  portion  of  the 
material's  life.  These  two  regions  are  referred  to  as  transient 
(primary)  stage  and  steady-state  stage,  respectively.  Final  failure 
with  a rupture  life  t^  occurs  soon  after  the  creep  rate  begins  to 
increase  during  the  third  (tertiary)  stage  of  creep.  Several  empirical 
relationships  between  creep  strain  or  creep  strain  rate  and  stress  have 
been  commonly  employed,  two  of  which  are: 

e = F an  (3) 


7 


AFML-TR-78-1 36 


and 

e = Hcr^t*  (4) 

where  i and  e are  strain  rate  and  strain,  respectively;  F,  H,  n and  p 
are  temperature-dependent  material  constants.  The  typical  values  of 
n and  p range  from  about  1.5  to  10,  depending  on  the  stress  regime 
examined,  material,  and  testing  conditions.  It  is  now  generally 
recognized  that  the  steady-state  creep  rate  e$  varies  directly  with  o 
at  low  stresses  and  at  temperatures  near  the  melting  point.  At  inter- 
mediate to  high  stresses  and  at  temperatures  above  0.5  Tm>  e °°  o 
(Reference  5).  A more  general  empirical  relationship  has  been  proposed 
(Reference  32): 

e$  = F(Sinh  aa)n  (5) 

When  aa  < 0.8,  Equation  5 reduces  to  power  law  creep  but  approximates 
exponential  creep  when  aa  > 1.2. 

2.  MICROSCOPIC  DESCRIPTION  OF  CREEP  CRACK  GROWTH 

Fracture  in  elevated  temperature  creep  and  fatigue  very  often  occurs 
by  the  mechanism  of  the  growth  and  coalescence  of  voids  at  grain 
boundaries  as  they  glide  under  applied  stresses.  The  voids  may  be 
"round",  that  is,  spherical  in  shape  (called  r-type  voids).  Cylindrical 
voids  of  a wedge-shape  cross  section  (called  w-type)  can  form  at  triple 
points  where  three  grain  boundaries  join  together  along  a common  line 
of  intersection  (References  33,  34). 

It  has  been  proposed  by  several  authors  that  under  creep  conditions 
the  diffusion  of  vacancies  towards  a crack  or  a void  and  their  condensation 
there  would  contribute  to  crack  growth.  The  migration  of  vacancies  to 
crack  tips  and  the  resulting  growth  of  the  cracks  have  been  studied  by 
diffusional  and  ductile  processes  by  Heald  and  Williams  (Reference  35), 
Stevens  and  Dutton  (Reference  36),  Weertman  (Reference  13),  Stevens,  et  al  . 
(Reference  37),  and  Pals,  et  al . (Reference  38).  The  growth  of  grain- 
boundary voids  by  vacancy-condensation  has  been  studied  by  numerous 
authors,  such  as  Hull  and  Rimmer  (Reference  39),  Speight  and  Harris 
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(Reference  40),  Dobes  and  Cadek  (Reference  41),  Dobes  (Reference  42), 
Weertman  (Reference  13),  Raj  and  Ashby  (Reference  43),  Raj  (Reference  44), 
Speight  and  Beere  (Reference  45),  Needham  and  Greenwood  (Reference  46), 
Needham,  et  al . (Reference  47),  Kelly  (Reference  48),  and  Hancock 
(Reference  49).  A very  recent  review  on  analytical  treatments  of  creep 
crack  growth  due  to  vacancy  diffusion  and  condensation  is  given  by 
Van  Leeuwen  (Reference  50).  On  account  of  stress-modified  diffusion 
equations,  he  concludes  that  there  will  be  a transient  redistribution 
I of  vacancies  leading  to  a steady-state  concentration  distribution  with 

many  vacancies  in  compressed  regions  and  few  in  expanded  regions.  This 
steady-state  vacancy  flax  is  shown  to  be  independent  of  crack  tip  stress 
field  but  dependent  on  the  strain  energy  release  rate  (G).  With  this 
vacancy  flux  an  expression  is  derived  for  creep  crack  growth  rate  due 
to  vacancy  diffusion  and  condensation,  which  accounts  for  initial  (Stage  I) 
and  final  (Stage  III)  behavior  of  creep  crack  growth  (Figure  3). 


log  time 

Figure  3.  Creep  Crack  Growth  Versus  Time 

Floreen  (Reference  14)  showed  that  quasi-static  crack  growth  in  a 
variety  of  wrought  nickel-base  alloys  is  intergranular  in  character. 

A number  of  test  specimens  were  unloaded  short  of  failure  and  cross- 
sectioned  vertically  to  metal lographical ly  examine  the  crack  paths. 

An  example  of  such  a section  is  given  in  Figure  4.  The  examinations 
revealed  that  one  or  more  microcracks  were  present  on  grain  boundaries 
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Figure  4.  Cross  Section  of  Interrupted  Test  Showing  Grain 
Boundary  Microcracks.  Main  Crack  Is  Horizontal 
and  Slightly  to  the  Left  of  the  Area  Shown. 

Unetched.  Magnification  320  Times. 

(Reference  14) 

ahead  of  the  main  crack.  In  coarser  grains,  instead  of  a distinct 
microcrack,  a grain  boundary  showed  a series  of  separate  holes,  suggesting 
that  cavity  nucleation  and  growth  was  involved  in  the  formation  of  the 
microcracks.  Information  on  rupture,  strength  of  high  temperature  alloys 
is  given  in  Figures  5 and  6.  Discussions  on  these  superalloys  can  be 
found  in  References  51  and  52. 

It  is  very  likely  that  the  same  micromechanisms  are  responsible, 
at  least  partially,  for  creep  crack  growth  in  other  materials  through 
localized  deformation.  If  this  is  the  case,  they  must  operate  in 
limited  regions  very  near  to  the  crack  tip  and  under  fairly  complex 
stress  conditions.  A complete  theoretical  description  of  the  mechanisms 
is  substantially  more  complicated  than  what  has  been  described  by  the 
previous  authors.  Interactions  between  the  main  crack  and  the  voids 
such  as  that  described  by  Rice  and  Tracey  (Reference  53),  Heald,  et  al  . , 
(Reference  54),  and  Rice  and  Chuang  (Reference  55)  should  also  be  studied. 
Only  limited  advances  have  been  made  so  far  in  this  area. 
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Temperature  (°F) 
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Temperature  (°C) 


■ 


Figure  6.  One  Hundred  Hour  Rupture  Strength 
in  Several  Cast  Superalloys  as  a 
Function  of  Temperature  (Reference  52) 

3.  EXPERIMENTAL  WORK  AND  GENERAL  BEHAVIOR 

The  creep  behavior  of  metals  at  elevated  temperature  has  long  been 
a subject  of  great  interest.  It  has  been  observed  that  the  mechanism 
of  growth  and  coalescence  of  microcracks  is  responsible  for  CCG.  Since 
the  distance  between  the  primary  crack  and  the  voids  ahead  of  the  crack 
tip  is  typically  of  the  order  of  the  crack  opening  displacement,  the 
damage  during  CGG  can  be  considered  to  be  localized.  Several  authors 
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have  thus  taken  a macroscopic  approach  toward  the  problem  of  CCG.  Fracture 
mechanics  concepts  are  used  in  conjunction  with  macroscopic  creep 
properties  of  the  material  to  seek  macroscopic  criteria  governing  crack 
growth  behavior. 

In  this  section  empirical  results  that  describe  crack  growth  under 
creep  conditions  are  reviewed.  The  primary  concern  here  is  not  only 
determining  the  crack  growth  law  in  terms  of  macroscopic  parameters  but 
also  delineating  the  proper  use  of  the  law  for  given  material  and  service 
conditions . 

When  a fracture  mechanics  specimen  is  pre-cracked  in  fatigue  and 
subjected  to  a sustained  load  at  constant  elevated  temperature,  quasi- 
static crack  growth  and  final  fracture  will  occur.  As  time  elapses, 
the  crack  opening  displacement  ( COT) , the  crack  length  (a),  and  the 
apparent  stress  intensity  factor  (K)  will  increase.  Typical  examples 
of  this  behavior  are  shown  in  Figures  7-9  (References  14,  26,  56,  57). 

It  appears  that  a definite  incubation  period  exists  during  which  no 
crack  occurs.  A quasi-static  crack  growth  period  follows  and  then  fast 
fracture  occurs.  At  all  stages  of  crack  growth,  inclusive  of  the  fast 
fracture  region,  the  crack  front  bows  out  in  thumb-nail  style  and  large- 
scale  plasticity  occurs  (Figure  13).  A typical  fracture  surface  of  a 
specimen  alternately  fatigue  cracked  and  creep  loaded  is  shown  in 
Figure  10  (Reference  82). 

While  no  crack  growth  is  observed  at  room  temperature  for  a K-level 
below  Kj£ , crack  growth  is  observed  at  elevated  temperatures  at  stress 
intensities  well  below  (Figure  8,  Reference  56).  However,  a threshold 
value  of  K may  occur  below  which  no  crack  growth  takes  place  within 
1000  hours  (Figure  11,  Reference  14).  This  threshold  value  of  K may 
vary  slightly  depending  upon  temperature  (Figure  12,  Reference  14). 
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FAST  FRACTURE 


CREEP  CRACK 
(732°C,  1 350°F) 


FATIGUE  CRACK 


Fracture  Surface  of  a Specimen  Alternately  Fatigue 
Cracked  and  Creep  Loaded  for  Different  Intervals 
of  Time  (Reference  57) 
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Time-to-Failure  (Hours) 

Figure  11.  Time-to-Failure  Vs  Initial  Stress  Intensity 
for  Samples  in  Longitudinal  Direction  Tested 
at  704°C  (Reference  14) 


Time-to-Failure  (Hours) 

Figure  12.  Time-to-Failure  Vs  Initial  Stress  Intensity 
for  INCONEL  Alloy  718  at  Various  Tempera- 
tures (Reference  14) 
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Figure  13.  Schematic  Illustration  of 

Crack  Growth  Data  (Reference  14) 


4.  DATA  CORRELATION 


Although  it  has  been  commonly  observed  that  creep  crack  propagation 
possesses  three  distinct  Stages,  (I,  II,  and  III,  i.e.  incubation,  stable 
growth  and  fast  fracture  (Figure  13)),  there  has  been  no  general 
agreement,  on  the  characterization  of  CCG  rate.  There  are  available 
empirical  data  supporting  any  one  of  the  following  predictions  of 
CCG  rate: 


da 

dt 


AKa 


(6) 


B 

n 


(7) 


^ = C(dy/dt)Y 


(8) 


da 

dt 


D(C*)? 


(9) 


where  K is  the  stress  intensity  factor,  a is  either  net  section  stress, 
reference  stress  or  skeletal  stress,  dy/dt  is  load-line  crack  opening 
displacement  rate,  and  C*  is  a line  integral  related  to  the  rate  of 
change  of  potential  energy  release  per  unit  crack  advancement, 

Haigh  (Reference  30)  briefly  reviewed  previous  work  and  gave  a table 
to  summarize  test  results.  Van  Leeuwen  (Reference  50)  presented  a 
summary  including  some  references  on  work  using  net  section  stress  and 
the  C*- integral . 
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According  to  Nicholson  (Reference  23)  the  exponent  $ in  Equation  7 
and  n in  Equation  3 should  be  equal  for  the  same  material  at  the  same 
temperature  while  Taira  and  Ohtani  (Reference  58)  disagreed.  Based 
upon  Townsend's  work  (Reference  59),  Williams  and  Price  (Reference  60) 
indicated  that  metals  at  elevated  temperature  can  be  classified  as 
creep  brittle  (intergranular)  if  p (or  n)  is  less  than  5,  and  creep 
ductile  (transgranular)  if  p (or  n is  greater  than  5.  The  influence  of 
n on  stress  distribution  is  given  in  Figure  14  (Reference  61).  In  a 
form  similar  to  that  given  by  Haigh  (Reference  30),  Table  1 presents 
such  a summary  of  various  materials  and  geometries  and  the  best  correlation 
with  the  various  equations  postulated  for  CCG. 

5.  SUMMARY 

In  conclusion  CCG  rates  in  metals  at  elevated  temperatures  are 
characterized  as  follows: 

a.  CCG  rates  in  Stages  I and  II  increase  significantly  with  an 
increase  in  temperature  (References  14,  57)  (Figure  15). 

b.  CCG  rates  are  sensitive  to  heat  treatments  and  grain  size 
(Reference  14). 

c.  The  stress  exponent  p (or  n)  in  the  uniaxial  creep  law  plays 
an  important  role  in  determining  the  characterization  of  the  crack  tip 
behavior.  For  p (or  n)  £ 5 the  stress  intensity  factor  approach  may  be 
used,  and  for  p (or  n)  £ 7 the  nominal  stress  approach  may  be  used 
(References  14,  22,  60) 

d.  Critical  test  conditions  should  consist  of  at  least  two 
geometries  of  different  K/cr  net  ratio  (Fiqure  16)  (References  16,  60). 

e.  The  exponent  a in  Equation  6 decreases  as  K increases.  This 
suggests  that  other  functional  forms  may  be  used  in  place  of  the  power 
law. 
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TABLE  1 


TABLE  1 (CONTINUED) 


Harper,  Ellison  lCr-Mo-V  Steel  (560+)  — CT.SEN 

(1977)18 
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Figure  15.  Effect  of  Temperature  on 

Creep  Crack  Growth  Behavior 
in  Alloy  718  (Reference  57) 


24 


Juaiiwifcafri 


(mm/Hr) 


r,- ic  « r .• -c  4-u.  n-i.-.  Stress  Intensity  Factor 

Figure  16.  A Comparison  of  the  Ratio  Skeletal  Point  Stress 


for  Various  Specimen  Geometries  (Reference  60) 


f.  Since  da/dt  may  not  always  be  directly  proportional  to  dy/dt, 
the  COD  rate  criterion  may  have  only  limited  application  (References  19, 
21,  61). 

g.  CCG  results  from  a combination  of  two  competing  processes,  i.e. 
growth  and  coalescence  of  defects,  which  contributes  to  crack  advancement 
and  creep  deformation  process  that  causes  retardation  of  crack  growth  and 
even  its  arrest  (Figure  15,  Reference  57). 

h.  Incubation  time  is  reduced  with  increased  initial  crack  length 
and  by  soaking  the  specimen  at  the  test  temperature  before  loading, 
indicating  both  geometry  and  aging  sensitivity  (Reference  62). 
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SECTION  IV 

MACROSCOPIC  DESCRIPTION  OF  CREEP  CRACK  GROWTH 

Any  macroscopic  description  of  CCG  must  Identify  a criterion  for 
the  initiation  of  crack  growth  and  a mechanism  of  crack  propagation 
after  initiation,  i.e.  whether  the  crack  propagates  continuously  or 
discontinuously  and  how  the  near-tip  characterization  changes  as  the 
crack  advances.  The  validity  of  the  result  hinges  largely  on  the  modeling 
of  the  bulk  and  local  material  behaviors  for  the  temperature  of  concern. 


1.  CRITICAL  STRAIN  MODEL  (REFERENCES  63,  64) 


Assuming  that  the  elastic  strains  are  small  compared  to  creep  strains 
at  steady-state  creep,  Hoff's  (Reference  65)  mathematical  analogy  showed 
that  the  creep  rates  are  numerically  equal  to  the  elastic  strains 
calculated  for  the  purely  elastic  case,  i.e. 


!C  =fe  ( = ^e  = K ) 

lq  Lo  °o  ^7^ 


(10) 


where  subscripts  C,  e and  o refer  to  creep,  elastic,  and  reference 
states,  respectively.  Barnby  used  the  above  relation  and  computed  the 
creep  stress  near  the  crack  tip  as 


r 


1 /m 


aQ  ( 2ttx  ) 


T72J 


(ID 


where  Norton's  creep  law  is  used  and  K'  is  determined  by  satisfying  the 
equilibrium  condition  across  the  plane  y = 0,  the  crack  plane.  For  a 
center  cracked  plate  of  width  2W,  crack  length  2a  and  thickness  B,  the 
equilibrium  condition  requires  that 


(12) 
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and  a simple  manipulation  gives 


K'  - o0(2tt)1/2  (W-a)'(2m'1)/m} 


m 


it  is  of  interest  to  note  that  for  large  m,  say  m > 5,  (2m-l)/2m  = 1 and 
K'  is  related  to  the  net  section  stress  as 


K1  = o0(2tt)1/2 


(13) 


Due  to  the  approximation  used.  Equation  13  becomes  incorrect  in  units. 


Barnby  used  a critical  strain  condition  at  a distance  d^.,  say  the 
distance  of  closest  creep  void  or  grain  boundary  fissure,  ahead  of  the 
main  crack  as  the  condition  for  crack  advancement.  Since 


EC  K'  (14) 


by  his  assumption,  he  scaled  his  crack  growth  rate  to  creep  rate  as 


da 

dt 


1/2 


05) 


which  is  again  incorrect  in  units.  Inserting  the  value  of  K'  he  obtained 


da  _ fo 
dt  ' dcl/2 


m 

06) 


In  an  attempt  to  relate  his  results  to  the  crack  growth  rate  in  a linear 
elastic  material,  he  defined  a new  parameter  K"  for  which 


P 


°oB 


r 


K"  dx 
( 2ttx  ) 1/2 


07) 
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and  forced  K"  = K1  = K'  at  m = 1 . Thus  he  obtained 


K/Y(a,W)  = K"/N(a,W)  (18) 

where  N(a,W)  Is  obtained  from  K"  = K'  at  m = 1.  Finally,  the  crack 
growth  rate  was  obtained  as 

at  ■ [y°0<2'dc)1/2],!  viftSj*  *■'  <’9> 

His  model  predicts  a faster  crack  growth  in  a material  which  creeps  than 
a linear  elastic  model  (Figure  17). 


The  approximate  analysis  used  here  applies  only  to  the  stress 
component  directly  ahead  of  the  crack  and  normal  to  the  crack  plane.  If 
damage  is  not  localized  the  approximation  is  no  good.  Since  he  used  the 
creep  exponent  m for  the  crack  growth  law  in  an  elastic  model  da/dt  = AKm 
in  the  comparison  shown  in  Figure  17,  the  comparison  is  not  meaningful. 


Figure  17.  Comparison  of  the  Crack  Growth 
Rate  ^2  Obtained  by  Predictions 
of  the  Model,  With  Crack  Growth 
Rate  ai  Predicted  by  the  Empirical 
Correlation  With  the  Elastic 
Stress  Intensity  Factor 
(Reference  64) 
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2.  MODEL  OF  CRITICAL  PLASTIC  ZONE  SIZE  (REFERENCE  66) 

Assuming  that  the  damage  zone  ahead  of  the  crack  tip  is  a thin  strip. 
To  used  the  plane  stress  analysis  by  Dugdale  (Reference  67)  where  the 
size  of  the  yield  zone  is 

R = CQ(Sec  [1 /2ir(a/aY)]  -1}  (20) 

and  the  yield  zone  is  under  uniform  biaxial  stress  of  magnitude  Oy,  the 
uniaxial  yield  stress.  The  crack  tip  stresses  are  therefore  characterized 
by  a time-independent  analysis  for  the  sake  of  simplicity. 

He  then  introduced  a time-dependent  process  through  the  use  of 
Kachanov's  (Reference  68)  theory  of  creep  rupture,  i.e.,  through  the 
use  of  the  continuity  equation 

d<j>/dt  = -C(a/cf>)v  (21) 

where  C,  v are  material  constants  related  to  a uniaxial  creep  test  and 
tp  is  the  continuity  parameter.  For  a perfect  material  $=1,  while  for 
a ruptured  material  <{>=0.  The  parameter  v is  in  general  less  than  the 
creep  exponent  and  is  equal  to  the  inverse  slope  of  a conventional 
log-log  curve  of  stress  against  rupture  life. 

Integrating  Equation  21  for  constant  stress,  the  rupture  time  is 
obtained  as 

lR  = V K/  ^ 

where 

oK  = rupture  stress  of  material  in  absence  of  crack 
T^  = rupture  time  correspond  to  o^, 

4>q  = continuity  of  region  before  the  arrival  of  a crack 
with  its  associated  plastic  zone. 
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He  used  a cumulative  damage  procedure  to  determine  the  initial 

continuity  Oq  before  the  arrival  of  the  crack  tip  plastic  zone.  Let  the 

half  crack-length  at  time  t be  C . At  each  time  interval  t„  the  crack 

a n n R 

travels  a distance  equal  to  its  plastic  zone  size.  Note  that  the  plastic 
zone  size\is  a function  of  current  crack  length  and  therefore  tends  to 
become  larger  as  the  crack  advances.  Using  this  procedure  a first 

approximation  to  the  crack  growth  rate  was  found  to  be: 


dC 
r 

dt 


. ir  a 

£n  sec  j — r 9 

2 av  C v 2 

I / K s 

q t . ' K ' 

Mo  i o 


1 + 


2Vo 


Jtn 


Jin  sec  j — Ko 

U 0 y 


(23) 


where  K and  are  the  current  and  initial  stress  intensity  factors  and 

vm/2 

(24) 


q = 2 (-1) 
o m ' 


2(sec  J2-+l) 


2/nc.v  t tt  a Nm 1 - 1 

TT  (0. 5+1  (sec  9 - ) 

2<m'<m  ^ °Y 


q^  = 0.5(a/Oy)N 


ti  = TK^CTK/aY^ 


(25) 

(26) 


He  noted  that  his  derived  crack  growth  rate  is  of  the  power  law  form 

dC 

ar ' A(K/Ko>"  (27> 

and  made  a comparison  witradata  obtained  by  Siverns  and  Price  (Reference  26). 
He  showed  a straight  line  plot  on  a log-log  scale  as  given  in  Figure  18. 

If  the  second  term  in  Equation  23  is  taken  into  consideration, 
however,  a decrease  in  slope \resul ts  as  K increases  or  the  crack  extends. 

The  model  does  not  include  woirk-hardening  and  hence  does  not  admit  a 
singularity  at  the  crack  top.  Since  both  A and  n in  Equation  27  are 
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3.  CONTINUOUS  RUPTURE  MODEL  (REFERENCE  69) 

In  this  simplified  model,  the  crack  tip  stress  configuration  is 
characterized  by  a linear  elastic  solution.  The  crack  tip  region  is 
assumed  to  be  in  a uniaxial  loading  situation  which  is  not  realistic 
The  authors  estimated  the  crack-tip  normal  stress  to  be  the  same  as 
given  by  Orowan- Irwin : 


cry(  x ) = at(a/p+x) 


1/2 


(28) 


Taking  a uniaxial  stretching  situation,  the  creep  rate  is  calculated  as 


e(x)  = A(aY(x)/E(T)}m  exp(-Qc/RT)  (29) 

Using  Equations  28,  29  and  an  assumed  empirical  relation  of  creep  rate 
and  rupture  time  as 

tR  » B • (e)"x  (30) 


the  crack  growth  rate  is  derived  as 


da 

dt 


2A^_  . D1-(am/2){K/YE1Tl/2}ani  exp(-aQc/RT) 


(31) 


1 12 

where  K = Y cr  (to)  and  p is  crack  tip  radius.  The  derivation  is 
straightforward.  The  functional  relation  between  creep  rate  and 
temperature,  Equation  29  is  assumed  to  correlate  with  experimental 
observation.  The  model  predicts  continuous  crack  growth  and  does  not 
account  for  any  contribution  to  the  rupture  time  that  a point  experiences 
before  the  arrival  of  the  crack  tip.  The  theory  is  therefore  not  complete. 
Furthermore,  Leeuwen  (Reference  70)  found  that  the  relation  (Equation  31) 
was  unreliable  for  materials  other  than  purely  annealed  metals. 


4.  MODEL  OF  CRITICAL  C*- INTEGRAL  (REFERENCES  16,  17) 

For  a material  that  follows  a creep  law  of  the  form 

e/eq  = A(a/oo)n  (32) 
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in  uniaxial  tension,  Goldman  and  Hutchinson  (Reference  71)  showed  that 
there  exists  a singularity  in  strain  rate  at  the  crack  tip  whose  amplitude 
is 

Kf  - [C*/A  aQ  e0  In]n/(n+1)  (33) 

where  I is  a constant  which  is  tabulated  for  a given  range  of  n by 
Hutchinson  (Reference  72)  and  C*  is  a line  integral  which  was  later  used 
by  Landes  and  Begley  (Reference  16)  to  describe  creep  crack  growth  and 
is  defined  as: 

c*  ' - 3T  ' l f“*,^  - T ' |f  ds]  (34) 


It  can  easily  be  shown  that  the  C*  integral  is  equivalent  to: 


C*  = A o e K K I 
o o a e n 


= A o c (K  ) (n+1)/nI 
o o z'  n 


(35) 


It  should  be  noted  that  Equations  33  and  34  apply  only  to  steady  state 
creep  and  are  approximate  solutions  since  the  elastic  strains  are 
ignored  (Reference  65).  Nikbin,  Webster,  and  Turner  (Reference  17)  used 
the  same  definition  but  termed  it  J. 


An  experimental  determination  of  C*  can  be  obtained  by  controlling 
displacement  rate.  By  monitoring  load  and  crack  length  at  constant 
displacement  rate,  a crack  growth  rate  (a)  vs.  C*  plot  can  be  obtained. 
A data  reduction  scheme  is  given  in  Figure  19  (Reference  16).  This 
experimental  procedure  requires  data  from  several  specimens,  say,  six 
to  ten. 
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Figure  19.  Schematic  Showing  Six  Steps 

Involved  in  C*  Data  Reduction 
(Reference  16) 


Webster  (Reference  73)  and  Nickbin,  et  al . (Reference  17)  employed 
nonlinear  beam  theory  and  derived  the  following  approximate  relation 
for  C*: 


C*  = 


1 . JL 

B n+1 


dA' 

da 


(36) 


in  a DCB  specimen  for  conditions  of  constant  loading.  The  load  point 
displacement  is  denoted  by  A.  Since  beam  theory  was  used  and  no  account  is 
taken  of  deformation  ahead  of  the  crack,  behind  the  beam  arms,  the  method 
can  only  supply  to  cases  where  this  deformation  is  small  in  relation  to 
the  overall  deformation  seen  at  the  loading  points. 

In  analogy  to  the  theoretical  estimation  of  J.  Harper  and  Ellison 
(Reference  18)  suggested  a method  for  determining  C*  through  limit 
analysis . 


Assuming  that  the  multiaxial  creep  behavior  of  the  material  is  given 
by  _ „ .n 


Fi  j = V ^ij 


(37) 
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where  3<t>( . . ) is  an  effective  stress  associated  with  a flow  rule  (e.g., 

* J 

Von  Mises  (a*),  Tresca)  and  is  a homogeneous  first  power  function  of 
stress  ckj,  and  ignoring  the  singular  behavior  at  the  crack  tip,  they 
showed  that 

U*  = - nilV  (iiiBw)  P (constant  load)  (38) 

U*  = ) p (constant  displacement  rate)  (39) 


where  m is  the  yield  load  ratio  defined  as  the  tensile  limit  load  of  a 
cracked  specimen  to  the  limit  load  of  an  uncracked  specimen  and  1 is  a 
characteristic  length  term,  for  example,  the  gauge  length  of  a uniaxial 
specimen  which  when  subjected  to  a reference  stress  of  (P/mBW)  will  give 
a creep  dissipation  rate  identical  to  that  of  a cracked  specimen. 


Differentiating  U*  with  respect  to  a and  dividing  by  B,  they  arrived 
at 


n PA’  rl_  _ dm 
n+1  BW  d ( a/W ) 


(40) 


Relations  of  m in  term  of  (a/W)  have  been  derived  and  given  in 
References  74  and  75.  A typical  plot  for  the  compact  tension  specimen 
is  given  in  Figure  20.  The  analysis  is  approximate  in  nature.  In 
general,  it  applies  to  deep  notched  specimens  where  fully  plastic 
conditions  are  achieved.  It  is  therefore  not  an  efficient  method  to 
use  in  studying  CCG.  For  CCG  studies  determination  of  C*  for  limited 
plasticity  is  needed. 


5.  CRITICAL  COD  MODEL  (REFERENCE  20) 


A phenomenological  theory  of  CCG  has  been  developed  using  the  results 
of  a calculation  of  the  time  dependent  development  of  the  damage  zone, 
termed  plastic  zone  by  the  author,  ahead  of  crack  tip  (Reference  20). 

The  whole  matrix  is  assumed  to  be  undergoing  creep  deformation.  The 
plastic  zone  is  represented  by  an  array  of  dislocations  coplanar 
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Figure  20.  Variation  of  m,  dm/d(a/W), 
and  (1/m)  [dm/d(a/W)] 

With  (a/W)  (Reference  18) 


with  the  crack  as  in  the  model  of  Bilby,  Cotrell  and  Swinden  (Reference  76), 
henceforth  referred  to  as  BCS  model . 

Vitek  showed  that  at  any  given  point  in  the  plastic  zone,  the 
dislocation  density  rate,  9B/9t,  is  proportional  to  the  negative  of 
9c(x ,t)/9x , 


9B(x,t)  . ae ( x , t ) 

9t  ~ 9x 


(41) 


where  h is  the  plastic  zone  width.  The  plastic  zone  is  confined  to  a 
region  of  length,  S,  given  by 


(42) 
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where  is  the  apparent  functional  stress.  He  used  an  approximate 
expression  for  COD  as 

* ■ :Uviia(-r)tn  sec  ifi  (43> 

1 

Using  a critical  crack  opening  displacement  criterion  and  assuming 
the  crack  advances  through  a fixed  distance,  be  it  any  distance  d,  the 
plastic  zone  size,  or  a critical  length.  Vitek  derived  the  equation  of 
CCG  rate  as 

7 = A • Ka  (44) 


where  Vq  is  a constant  and  A and  a depend  on  a/G,  and  regions  of  the 
stress  relaxation,  a^/a.  Equation  44  may  be  used  for  either  one  of  the 
three  modes  of  loading.  A singular  integral  equation  for  B is  obtained 
by  satisfying  the  equilibrium  conditions.  The  stress  at  a point  x is 


x(x,t)  = t app1'(x)  + / a(x',t)  _2u(l-v)  (x-x1  ' xlx') 


+ T^m  ’ (X.X1  ) 


dx' 


(45) 


where  ^+appl . is  the  stress  due  to  the  crack  and  the  applied  stress  and 
Cdim  is  the  stress  due  to  the  image  stress  field  of  a unit  dislocation 
which  results  from  zero  traction  on  the  crack  surface.  Vitek  (Reference  76) 
found  ^+appl . anc|  ^.dim  ^ conveniently  using  a conformal  mapping  function 


z = ]■  a (c+l/c) 

and  known  results  for  an  elliptical-shaped  crack. 


(46) 


It  was  found  that  at  any  time  95%  of  the  dislocations  modeling  a. 
depend  on  a/G.  This  equation  can  be  applied  to  different  modes  of 
cracking  and  different  degrees  of  stress  relaxation. 
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The  theory  applies  when  creep  is  localized  at  the  crack  tip.  It 
does  not  apply  when  the  stress  exponent  is  greater  then,  say,  5.  In 
general,  different  exponents  a have  to  be  used  for  three  different 
ranges  of  K depending  upon  degree  of  stress  relaxation. 

Since  the  model  is  basically  a uniaxial  model,  it  cannot  be  readily 
extended  to  comparison  of  experimental  data  generated  using  typical 
j two-dimensional  specimens  such  as  the  compact  tension  specimen. 

However,  this  is  the  only  theoretical  development  that  attempts  to 
describe  all  three  stages  of  CCG. 

6.  SUMMARY 

There  are  several  models  available  for  a theoretical  prediction  of 
the  crack  growth  rate  under  sustained  loading.  Depending  upon  the 
criteria  used  for  initiation  and  growth  of  cracks,  these  may  be  any  of 
a number  of  power  law  relations  between  da/dt  and  various  fracture 
characterization  parameters.  Although  the  results  are  not  conclusive 
as  to  which  parameter  should  be  the  best  one  to  use  (due  to  a lack  of 
experimental  data)  it  is  of  interest  to  point  out  the  following: 

(1)  CCG  rate  is  governed  by  the  material  behavior  at  the  given 
temperature  (References  16,  17,  20).  Nonlinear  analysis  is  generally 
requi red. 

(2)  A criterion  of  initiation  of  CCG  must  be  determined 
(References  16,  20,  63,  64,  66). 

(3)  For  a creep  matrix  that  is  governed  by  Norton's  law,  there  is  a 
creep  rate  singularly  at  the  crack  tip  (Reference  71).  If  the  stress 
exponent,  n,  is  small  (say  less  than  five)  intensive  creep  occurs  only 
in  the  very  near  vicinity  of  the  crack  tip  (Reference  20). 

(4)  A functional  relation  between  CCG  rate  and  the  governing 
fracture  parameter  depends  on  the  criterion  used  to  simulate  the 
microscopic  mechanism  of  CCG  (References  63,  64,  69). 


I 
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SECTION  V 
CONCLUSIONS 

(1)  Fatigue  crack  growth  rate  is  time-independent  at  high  frequency 
but  time-dependent  at  low  frequency.  Time-dependent  effects  on  FCG 
rates  come  from  oxidation  and  CCG. 

(2)  CCG  is  basically  intergranular  and  closely  related  to 
coalescence  of  microcracks  ahead  of  crack  tip  with  the  main  crack. 

(3)  When  the  damage  ahead  of  a crack  is  localized,  it  is  appropriate 
to  use  the  fracture  mechanics  approach  to  analyze  the  growth  of  cracks 
under  creep  conditions. 

(4)  In  general,  the  stress  exponent  in  a uniaxial  creep  law  can  be 
used  as  an  index  to  differentiate  between  creep  brittle  and  creep  ductile 
materials.  However,  this  concept  requires  further  verification. 

(5)  Lack  of  data  from  critically  designed  experiments  on  CCG  is  a 
basic  limitation  to  the  understanding  of  the  phenomenon  of  CCG. 

(6)  Better  models  are  still  required  to  accurately  characterize 
the  initiation  and  growth  of  cracks  at  elevated  temperatures. 
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